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ABSTRACT 

The  objective  of  this  thesis  is  to  obtain  an  understand- 
ing of  the  variation  in  stress  on  the  cardinal  axes  of  a 
circular  penetration  with  elliptical  reinforcements  in  a 
simulated  stiffened  cylindrical  pressure  vessel.   The  size 
and  location  of  the  circular  penetration  is  such  that  the 
continuity  of  one  of  the  ring  frames  has  been  destroyed. 

The  biaxial  compressive  loading  of  a  pressure  vessel  has 
been  obtained  by  superimposing  the  stress  distribution  obtained 
en  the  free  boundary  with  a  loading  parallel  to  the  ring  frames 
representing  hoop  stress  and  the  stress  distribution  obtained 
with  a  loading  at  right  angle  to  the  ring  frames  representing 
longitudinal  stress. 

By  a  systematic  variation  of  the  reinforcement  geometry 
and  the  weight  of  reinforcement  material,  the  relationship 
between  the  stress  concentration  factors,  geometry,  and  weight 
of  material  has  been  investigated. 

The  photoelastic  method  of  experimental  stress  analysis 
•  was  chosen  as  the  means  of  carrying  cut  the  investigation. 
The  standard  crossed  circular  polariscope  was  used  in  studying 
the  isochromatic  fringe  patterns. 

The  two  dimensional  models  were  constructed  with  PS- 5 
material  from  Photolastic,  Incorporated.   All  models  were  built 
upon  a  basic  foundation  of  V  x  4"  x  i"  material  with  a 
central  1-jp  diameter  circular  hole. 

The  effects  of  the  various  geometries  and  weights  of 
reinforcement  were  investigated  by  using  three  basic  families 
of  geometrical  shapes  in  which  a  sequence  of  five  steps  in 
the  reinforcement  thicknesses  were  made  for  each  family. 

For  the  particular  series  of  geometries  investigated, 
the  best  geometry  for  the  reinforcement  is  the  circular  family 
which  consisted  of  models  3,  6,  9,  12,  and  15.   Tnis  series 
shows  the  lowest  stress  concentration  factors  for  a  given 
thickness  or  weight  of  reinforcement  material. 
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A    comparison  was  made  between  the  stress  obtained  by  a 
strain  gage  and  the  stress  obtained  by  photoelastic  analysis. 
The  result  showed  close  agreement  between  the  two  techniques 
of  experimental  stress  analysis. 

The  complicated  interrelationships  of  all  the  variables 
that  ultimately  specify  the  geometries  associated  with  a 
p  letration  in  a  stiffened  cylindrical  pressure  vessel 
indicate  that  today  each  specific  configuration  must  bo 
analyzed  on  an  individual  basis. 


To  attempt  to  interrelate  such 
vessel  thickness,  frame  size,  frame 
penetration  size  in  order  to  obtain 
procedure  for  optimum  reinforcement 
an  extensive  model  testing  program, 
then  serve  as  a  basis  from  which  to 


parameters  as  pressure 
shape,  frame  spacing  and 
an  all  inclusive  design 
would  appear  to  require 

These  results  might 
devise  design  procedures, 
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Frequency  of  Vibration 

h  -  Thickness  of  the  Photoelastic  Material 
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o 
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I.  INTRODUCTION 

The  presence  of  a  circu.1;   hole  in  a  flat  plate  3-oaded 
in  its  own  plane  results  in  an  increase  of  the  stress 
concentration.   If  the  hole  is  small  compared  with  the'  lateral 
dimensions  of  the  plate  its  effect  on  the  stress  distribution 
will  be  nearly  local.   A  finite  plate  with  lateral  dimensions 
several  times  greater  than  the  hole  diameter  is  of  adequate 
size.   The  effect  of  a  suitable  reinforcement  of  the  hole  is 
to  decrease  this  stress  concentration  so  that  when  the  stress 
in  the  plate  is  nowhere  to  exceed  a  given  value  the  presence 
of  the  reinforcement  results  in  a  decrease  in  the  necessary 
weight  of  the  structure.   The  design  of  a  reinforcement  is 
therefore  an  important  problem  when  the  weight  of  the  structure 
must  be  as  low  as  possible,  as,  for  example,  holes  in  pressure 
hulls  of  submarines. 

The  object  of  this  thesis  is  to  obtain  an  understanding 
of  the  stress  variation  around  a  circular  penetration  with 
elliptical  reinforcements  in  a  framing  system  subjected  to  a 
loading  that  is  representative  of  that  present  in  a  pressure 
vessel.   A  pressure  vessel  was  simulated  by  loading  the  model 
in  line  with  the  framing  system  to  represent  hoop  stress,  and 
then  turning  the  model  ninety  degrees  and  applying  naif  the 
loading  so  as  to  represent  longitudinal  stress. 

The  ratio  of  the  superimposed  stresses  on  the  vertical 
and  horizontal  axes  of  the  free  inner  circular  boundary  is 
considered  to  be  a  stress  concentration  factor  that  indicates 
the  efficiency  with  which  the  reinforcement  material  nas  been 
utilized.   Ideally  all  the  components  of  a  structure  work  at 

-  12  - 


similar  stress  levels  so  there  is  no  wasted  material 
capabilities . 

In  recent  years  the  advancing  technology  in  several 
areas  has  required  hardware  in  which  large  penetrations 
have  been  needed  in  a  stiffened  cylindrical  pressure  vessel. 
Most  of  these  applications  have  been  in  systems  that  are 
weight  limited  with  regard  to  the  amount  of  material  that 
can  be  placed  in  the  structure  itself,  thereby  detracting 
from  the  desired  payload  of  the  vehicle.   Even  with  the 
advent  of  high  strength-to-weight  ratio  structural  materials, 
the  need  for  optimizing  the  geometry  of  reinforcement  is 
important  so  that  the  material  is  utilized  in  the  most 
efficient  manner. 

The  photoelastic  stress  analysis  technique  was  chosen 
for  this  investigation  since  it  provides  a  means  of 
determining  the  stresses  in  two-dimensional  problems  that 
cannot  be  solved  analytically.   The  results  obtainable  have 
an  accuracy  in  irregular  members  that  is  comparable  to  the 
results  obtained  with  precise  strain  gaga  techniques.   In 
the  process  of  developing  a  satisfactory  design,  photoelastic 
analysis  provides  a  means  of  readily  obtaining  qualitative 
results  for  the  locations  of  minimum  and  maximum  stresses 
and  for  the  determination  of  changes  in  stress  distribution 
caused  by  minor  alterations  in  the  shape  of  the  model. 

To  permit  the  use  of  two-dimensional  photoelasticity , 
the  assumption  that  the  radius  of  the  pressure  vessel  is 
relatively  large  with  respect  to  the  frame  spacing  has  been 
made.   Small  radii  cylinders  would  probably  require  the  use 
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of  three-dimensional  pho  be  'tic   analysis.      This   technique 

requires  the  freezing  of  the  stresses  in  the  model  and  th 
subsequently  cutting  the  model  apart  in  order  to  view  the 
stress  pa 1 1  e  rn s . 

This   thesis    is   an  effort    to   show,    through  two-dimensional 
photoelastic  analysis,    the   effect   of  reinforcements   in  a 
biaxial   loading  condition. 

In   order   to    investigate   the  effect   of  reinforcements 
that    formed  part   of  a   simulated  stiffened  cylinder,    three 
families   of   geometrical   shapes    for   the   reinforcements   were 
used.      These   reinforcements   were   added   to   three   basic   models. 
Each  of  these    three   basic   models  were    Identical  with  regard 
to    intact  ring   frames   and  the    circular   hole.      Each  model 
was   built   up    from  a    four    inch  by    four    inch  square    foundation 
piece    that   was   one    quarter    inch  thick  and   had  a   one   and  one 
quarter   inch  diameter   hole    in   the   center.      Each  model  to 
which  the   reinforcements   were   to   be   added,  had  two    strips   to 
represent   ring   frames   cemented  to   each  side   near  opposite 
edges   of   the    models. 

The   geometrical  variation   in  the   reinforcements   to   be 
cemented    in  way    of   the    central   hole   all   had  an   inside 
diameter   of  one   and  one   quarter   inches   to   match   the    foundation 
piece    hole.      The    systematic   variation  of  the   outer  edge   of 
the   reinforcements   consisted   of  three   ratios    for   the   major 
to   minor  axes   of  an  ellipse.      The  ratios   used  were   one    to 
one    (a   circle),    one   and  one   quarter   to   one,    and  one  and  one 
half  to   one.      All   these   reinforcements   were    0.080   inches 
thick.      They   were    cemented   to    their  respective    foundation 
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piece  and  analyzed  in  five  steps  v/hich  consisted  of  2,  3, 
4,  5  end  6  thicknesses.   For  further  description  of  i 
models  see  Appendix  B. 
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II.  PROCEDURE 

The  primary  objective  of  this  thesis  is  to  investigate 
the  stress  distributions  around  a  circular  penetration 
that  is  of  sufficient  size  that  it  has  resulted  in  a 
discontinuity  in  a  ring  frame  of  a  stiffened  cylindrical 
pressure  vessel.   The  photoelastic  models  which  contain 
this  penetration  include  the  two  immediately  adjacent 
simulated  ring  frames.   The  specific  stresses  of  interest 
on  this  interior  free  boundary  are  those  on  the  horizontal 
and  vertical  axes.   The  vertical  axis  is  the  axis  parallel 
to  the  framing  system.   The  specific  values  used  in  determining 
the  ratio  of  the  stresses  on  these  two  axes  are  the  average 
of  the  two  values  on  each  individual  axis. 

It  was  not  necessary  to  determine  the  stress  levels 
within  the  model  as  the  region  of  interest  was  the  interior 
free  boundary  which  will  be  the  highest  stressed  material. 
The  need  to  determine  the  isoclinic  pattern  of  the  model 
was  therefore  unnecessary.   On  any  free  boundary,  the 
principal  stress  perpendicular  to  the  boundary  is  zero,  so 
only  the  tangential  principal  stress  is  present.   The 
isochromatics  on  the  edge  represent  the  principal  stress 
rather  than  the  difference  in  principal  stresses. 

The  isochromatic  pattern  was  observed  in  a  standard 
crossed  circular  polariscope  using  polarized  light  with 
a  dark  field.   A  more  detailed  discussion  of  procedure 
and  photoelastic  techniques  is  found  in  Appendix  A  and  B. 

The  models  were  machined  from  Photolastic  Inc.  PS-5 
material  using  the  high  speed  cutter  in  the  Ship's 
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Structures  La  bo  rat  or  y.   Aluminum  templates  to  guide  thj 
cutter  were  made  using  larger  plywood  templates  on  a 
pantograph.   A  more  detailed  discussion  of  the  steps  in 
the  preparation  and  construction  of  the  models  is  contained 
in  Appendix  B. 

Each  model  was  placed  in  the  loading  frame  described 
in  Appendix  B  in  which  uniform  compression  was  applied  to 
the  model  en  the  upper  and  lower  edges.   The  force  applied 
to  the  model  in  line  with  the  ring  frames  was  twice  the 
force  applied  on  the  other  two  edges  when  the  model  was 
turned  ninety  degrees. 

This  two  to  one  force  balance  was  a  simulation  of  the 
relationship  of  hoop  stress  to  longitudinal  stress  in  an 
unstiffened  pressure  vessel.   The  loads  for  model  number 
one  were  1,000  pounds  and  5°0  pounds.   For  the  other  models 
this  ratio  of  two  to  one  was  obtained  using  700  pounds  for 
the  hoop  loading  and  350  pounds  for  the  longitudinal 
loading.   There  was  somewhat  of  a  trade  off  in  the  loading 
values.   Too  high  a  loading  in  line  with  the  frames  makes 
the  estimation  of  fractional  fringe  orders  extremely 
difficult  while  too  low  a  loading  in  line  with  the  frames 
would  give  only  a  few  fringe  orders  when  this  value  is 
halved  for  the  loading  perpendicular  to  the  frames. 
Buckling  was  not  a  problem  with  the  models  since  the 
sensitivity  of  PS-5  results  in  adequate  fringes  at  a 
moderate . load. 

The  need  to  estimate  the  fringe  orders  to  the  nearest 
one-quarter  order  led  to  the  use  of  Polaroid  Type  55  p/N 
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film  which  gives  both  a  positive  and  a  negative.   Th 
negative  was  projected  on  a  screen  with  an  overhead 
projector  so  as  to  magnify  the  fringe  pattern  as  an  aid 
to  accurate  determination  of  the  fractional  fringe  orders 
on  the  circular  hole  axes.   The  values  of  the  fringes  on 
the  axes  and  the  respective  stress  levels  are  given  in 
Tables  VIII  to  XI  and  XVII  to  XX  of  Appendix  G.   The 
photographic  records  of  the  fringe  patterns  are  in  Appendix 
D  in  Figures  XVII  to  XXII. 

To  determine  the  fringe  constant  for  the  material, 
two  disk  compression  specimens  were  machined.   The  fringe 
constant  is  a  function  of  the  material  and  the  wavelength 
of  the  monochromatic  light  source.   Mercury  green  light 
was  used  in  this  experiment. 

A  more  detailed  discussion  of  the  determination  of 
the  fringe  constant  is  given  in  Appendix  B. 
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III.  GRAPHICAL  PRESENTATION 


OF  RESULTS 
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FIGURE  V 
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IV.  DISCUSSION  0 '    j ULTS 

In  an  experimental  investigation  of  any  sort,  the 
accuracy  of  the  results  depend  upon  the  accuracy  of  the 
raw  experimental  data  and  Its  interpretation  through 
analysis.   The  end  result  of  the  analysis  of  these  photo- 
elastic  models  is  a  stress  concentration  factor  which 
represents  the  degree  to  which  the  reinforcement  material 
has  been  distributed  so  as  to  be  utilized  in  the  most 
efficient  manner. 

The  use  of  polaroid  film  which  produces  both  a  positive 
and  a  negative  has  aided  the  determination  of  the  fringe 
orders  at  the  points  of  interest.   A  magnification  of 
over  ten  was  obtained  by  projecting  the  negatives  onto  a 
screen  for  analysis.   This  magnification  effect  was  necessary 
in  order  to  resolve  the  small  changes  that  resulted  from 
each  additional  thickness  of  reinforcement  on  a  basic 
family  of  models  ( ie .  the  circular  reinforced  family,  etc.) 
and  among  the  three  families  of  models  with  the  same 
number  of  reinforcement  thicknesses. 

The  negatives  became  progressively  more  difficult  to 
analyze  as  successive  layers  of  reinforcement  were  cemented 
to  each  of  the  three  basic  geometrical  shapes.   There  were 
several  likely  contributing  factors  that  increased  the 
difficulty  of  analysis.   Any  slight  deviation  from  perfectly 
parallel  light  through  the  model  due  to  imperfections  in  the 
grinding  of  the  lens  system  of  the  polar iscope  would  cause 
distortion  of  the  fringes.   As  the  thickness  of  the  model 
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increased  with  successive  reinforcement  thicknesses  the 
distortion  became  progressively  worse.  The  glue  layers 
and  some  small  entrapped  air  bubbles  \  d  to  reduce  the 

light  transmission  and  thereby  c     ie  the  contrast  of  the 
photographs.   Finally  the  slight  misalignment  of  successi\ 
reinforcement  rings  tended  to  obscure  the  boundary  fringe 
pattern. 

By  enlarging  the  negatives  and  taking  into  consideration 
the  rate  of  change  in  fringe  spacing  as  the  free  boundary 
was  approached,  the  determination  of  the  fringe  order  on 
the  four  cardinal  axes  was  estimated  to  the  nearest  one 
quarter  order.   The  higher  the  order  at  the  point  in  question 
the  more  difficult  the  analysis  of  fractional  fringe  orders. 
One  quarter  order  corresponds  to  an  accuracy  of  t  5%   for 
five  fringe  orders  or  ±  2*5%   for  ten  fringe  orders.   This 
accuracy  is  further  impaired  by  the  analysis  problems 
mentioned  above.   The  overall  accuracy  in  the  stress 
concentration  factors  is  felt  to  be  within  ±  10^  when 
considering  all  possible  detrimental  effects  in  the  experiment 

The  experimental  results  for  models  one  and  two  have 
been  plotted  to  show  fringe  order  versus  angular  position 
around  the  entire  free  boundary  of  the  circular  hole.   These 
plots  in  Figure  I  and  II  show  the  hoop  and  longitudinal 
loadings  individually  and  then  the  superposition  of  the 
two.   As  expected  the  stress  is  compressive  around  the  free 
boundary  in  the  simulated  pressure  vessel. 

The  stress  concentration  factor  for  model  one  was  at 
3.72.   The  addition  of  the  four  strips  of  material  that 
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represent  the  ring  frames  In  model  two  reduced  this  stress 
concentration  factor  by  a  significant  amount  to  2«3o\ 
This  indicates  a  considerable  assumption  of  the  load  by 
the  ring  frames  through  shifting  the  load    y  from  t 
circular  hole  when  hoop  loaded. 

The  results  of  the  main  sequence  of  experimental 
investigations  are  plotted  in  Figures  III  through  VIII.. 
These  figures  are  for  the  fifteen  different  models  which 
made  up  the  three  families  of  basic  geometrical  shapes  in 
which  a  sequence  of  five  steps  in  the  reinforcemei 
thicknesses  were  made  for  each  family.   The  stress  concen- 
tration factors  versus  number  of  reinforcement  thicknesses 
for  each  of  the  three  basic  families  of  reinforcement  shapes 
are  plotted  individually  in  Figures  III  through  V,  and  the 
three  combined  in  Figure  VI.. 

These  figures  show  that  of  the  reinforcement  shapes 
investigated,  circular  reinforcment  provides  the  smallest 
stress  concentration  factor  for  any  given  thickness. 

The  stress  concentration  factors  versus  amount (grains ) 
of  material  in  the  reinforcements  are  shown  in  Figures  VII 
and  VIII.   Figure  VII  is  with  the  first  of  the  five  steps 
in  each  family  as  the  reference  points,  while  Figure  VIII 
has  model  number  three,  which  was  the  lightest  reinforcement, 
as  the  reference  point. 

Clearly  the  circular  reinforcements  provide  the  least 
weight  and  lowest  stress  concentration  factors  for  this 
particular  overall  geometry  of  a  heavy  ring  frame  stiffened 
cylindrical  pressure  vessel. 
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The  trend  in  the  ratio  of  major  to  minor  axis  in  the 
elliptical  shapes  indicates  that  to  further  approach  a  stress 
concentration  factor  of  one  would  require  elliptical  si 
in  which  the  major  axis. is  parallel  to  the  longitudinal 
loading.   The  closer  the  stress  concentration  factor  is  to 
one,  the  more  uniformily  the  materia]  is  being  utilized  in 
reinforcing  the  penetration. 

The  framing  system  of  the  pressure  vessel  will  affect 
the  specific  geometry  of  the  reinforcement  that  will  pro; 
to  be  optimum.   Each  particular  frame  size,  frame  spacing, 
and  penetration  will  be  a  specific  situation  ana  require 
individual  experimental  stress  investigations  to  optimize 
the  usage  of  reinforcement  material. 

Upon  completion  of  the  use  of  the  models,  a  cut  was 
taken  to  true  up  the  inside  of  the  small  elliptically 
reinforced  model  to  permit  mounting  a  strain  gage  on  one 
side  of  the  horizontal  axis.   The  model  was  then  loaded  in 
line  with  the  frames  and  the  stress  level  determined  by 
both  the  photoelastic  technique  and  the  strain  gage. 
Surprisingly,  those  values  gave  stress  levels  that  differed 
by  only  about  1%.      This  result  showed  a  remarkable  degree 
of  agreement  in  the  two  techniques  of  experimental  stress 
analysis. 
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V.  COJ       iNS 

For  the  particular  series  of  geometries  investigated, 
the  best  type  of  reinforcement  is  the  circular  family 
which  consisted  of  models  3>  6,  9,  12  and  15.   This  seri-, 
shows  the  lowest  stress  concentration  factors  for  a  given 
thickness  or  weight  of  reinforcement  material.   The  lov/er 
the  stress  concentration  factor,  the  mere  uniformly  the 
reinforcement  material  is  being  utilized. 

The  problem  investigated  here  has  been  the  reinforcement 
of  a  circular  hole  in  such  a  v/ay  that  it  is  as  nearly  as 
possible  equivalent  to  the  structure  without  the  hole.   A 
perfect  equivalence  would  mean  that  the  stresses  e.nd 
displacements  of  the  structure  would  remain  the  same  as 
those  which  would  have  appeared  without  the  hole. 

The  trend  in  the  relationship  between  geometrical 
shape  and  the  stress  concentration  factor  indicates  that 
the  likely  orientation  for  a  stress  concentration  factor 
closer  to  one  would  be  obtained  with  an  ellipse  having  the 
major  axis  perpendicular  to  the  ring  frames  for  this  heavily 
stiffened  cylindrical  pressure  vessel.   As  heavy  ring 
frames  tend  to  carry  more  of  the  hoop  loading,  it  becomes 
necessary  to  provide  additional  reinforcement  material  to 
carry  part  of  the  longitudinal  loading  if  it  is  desired  to 
have v uniform  peak  stresses  on  the  cardinal  axes. 

A  comparison  of  the  photoelastlc  and  strain  gage 
techniques  of  experimental  stress  analysis  has  shown  very 
close  agreement  between  the  two  methods. 
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VI.  E 

The  results  of  this  investigation  indicate  that  fi    -r 
photoelastic  analysis  in  this  general  area  may  be  beneficial. 
Since  the  complicated  geometrical  nature  of  stiffened 
cylinder  frame  and  reinforcement  interactions  &      atly 
preclude  theoretical  analysis,  a  recommended  area  of  study 
that  might  will  have  preceded  this  investigation  would  be 
to  investigate  a  sequence  of  geometrical  reinforcements  in 
a  simulated  pressure  vessel  loading  without  ring  frames. 
The  superposition  technique  for  representing  the  biaxial 
loading  would  be  used.   These  results  would  then  be  uncluttered 
by  ring  frame  sizes  and  spacing  and  might  very  well  serve 
as  a  beginning  step  in  ultimately  devising  design  procedur 
relating  all  parameters. 

The  complicated  interrelationships  of  all  the  variables 
that  ultimately  specify  the  geometries  associated  with  a 
penetration  in  a  stiffened  cylindrical  pressure  vessel 
indicate  that  today  each  specific  configuration  must  be 
analyzed  on  an  individual  basis. 

To  attempt  to  interrelate  such  parameters  as  pressure 
vessel  thickness,  frame  size,  frame  shape,  frame  spacing  and 
penetration  size  in  order  to  obtain  an  all  inclusive  design 
procedure  for  optimum  reinforcement  would  appear  to  require 
an  extensive  model  testing  program.   These  results  might 
then  serve  as  a  basis  from  which  to  devise  design  procedures. 
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VII.    APPENDIX 
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A.    SUPP]  TION 

1.    Funda  I  ■  _  of  Photoe ] a st 3 c ity 

1  any  trans]    .    3nt   materials   such  as   glass,    bakelite,    and 
most    other    synthetic   resins    display  the    same   double-re Tract ing 
optical  effect   on  a   beam   of  light   as   a   crystal  when  these 
materials   are    subjected  to    stress.    Examination  of  these 
stressed  materials   under  polarized   light   reveals   colored 
patterns   which  are   caused  by  the   optical  retardation  of  the 
light  passing  through  the   material.    The   retardation  depends 
on  the   nature   and   intensity   of  the    stress.    Upon  removal  of 
the  -load,    the   double   refraction  disappears.    The    stress   optical 
calibration   factor    (fringe   constant)    is   obtained   for  the 
specific   material   from  a  geometrical  shape   and   loading  for 
which  the  theoretical   stress   distribution  is   known. 

For  normal   incident    light   on  a   flat   plate    subjected 
to   plane    stress  within  the   elastic    limit,    the    light   transmission 
follows  two   principles  which  form  the   basis    for  photoelastic 
stress   analysis.    These  two   principles   are: 

(1)  V/hen   light    is  transmitted  through  a   stressed 
photoelastic   material,    it    is   po3.arized   into  two   components 
at   right   angles   to   each  other  and   is  transmitted  only   on  the 
planes   of  principal   stress. 

(2)  The   velocity   of  transmission    in  each  principal 
plane   of   stress    is    dependent    on  the   magnitudes   of  the 
principal   stresses    in  these  two  planes. 

For  the    case    of   light   which   is. traveling    in  tne    normal 
direction  to   the   plane    of  a    sheet    of  photoelastic    material 
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which   is   subjected  to   a   condition  of  plane    stress,    we    have 
the   following  quantitative   relationship  between  the    stress 
and  the   optical  effect    in  terms   of  the   change   of  index   of 
refraction  caused  by  the  presence   of  the   stress: 

§1  =  N1  ~   N0  =   A^l**"  B  ^2  (1) 

§2  =  N2   "    N0  =    B  <ri  +  A  °~2  (2) 

where: 

$.    -   Change   of  Refractive   Index   on  No.    1  Principal  Pla] 

gp  -    Change   of  Refractive   Index-on  No.    2  Principal  Plane 

Nq  -   Refractive    Index    of  Unstressed  Material 

N-,    -   Refractive    Index    on  No.    1  Principal  Plane 

Np  -   Refractive    Index   on  No.    2  Principal  Plane 

<T~     -   The   Algebraically   Larger  Principal  Stress 

Q~^  -   The  Algebraically   Smaller  Principal  Stress 

A   &  B     -   Phot  oe  last  ic    Constants   of  the  Material 

By   subtracting  equation    (2)    from  equation    (1),    one   finds 

that   the   difference   between  the   refractive    indices   on  the   two 

principal  planes    is: 

Sx-   52-  nx-n2  =  (a  -  B)(<r  -  <r2) 

n1  -  n2  -  G(  (T^  -    cr2)  (3) 

where: 

C  -  The   Differential   Stress   Optical  Constant 
When   light   passes    from   one  medium   into   another  of 
different    density,    a  change   in  velocity   results.    The   ratio 
of  these  two   velocities    is   called  the    index   of  refraction. 
By  dividing  the   velocity   of   light    in  the   first   medium   by  the 
velocity   of   light    in  the    second  medium  we   obtain  the   two 
relationships: 


-2    f 

3o  - 


Ni  =  V/Vl   and   N2  =  V/v2  (4a,  b) 

whore : 

V  --  Velocity  of  Transmission  in  the  Surrounding  Medium 
Vi  -  Velocity  of  Transmission  on  the  No.  1  Principal 

Plane  of  Stress 
V2  -  Velocity  of  Transmission  on  the  No.  2  Principal  . 
Plane  of  Stress 
By  substituting  equation  (4)  into  equation  (3)  we  have: 

Ni  -  n2  =  y~  -  v __  v(v?  -  vil  _  C(  (T,  -  <rp) 

Vi   V2  '  '    V]V2     "      1  2J 

Therefore: 

Thus  the  differences  in  the  velocities  of  transmission 
in  the  planes  of  the  principal  stresses  is  seen  to  be 
directly  proportional  to  the  difference  of  the  two  principal 
stresses  (  0~     -   0~2  )  • 
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2.  '         ]         3  and  the  Photoelastic  Effect 

The  optic,-]  sys  era  most  frequently  used  to  produce 
the  necessary  polarized  beams  of  light  and  to  inte  j  i 
the  photoelastic  effect  in  terms  of  stress  is  called  a 
polariscope.   A  standard  crossed  circular  polariscope  with 
the  components  arranged  to  provide  a  dark  field  in  which  the 
black  isochroraatics  correspond  to  zero  and  integral  orders 
was  used  in  this  investigation.   The  polariscope  consisted 
of  a  monochromatic  light  source,  colliraating  lens,  polarizer, 
quarter  wave  plate,  photoelastic  model,  quarter  wave  plat- 
analyzer,  field  lens,  monochromatic  filter,  projection  lens, 
and  a  viewing  screen  to  which  a  Polaroid  4"  x  5"  film  holder 
Model  500  was  attached.   The  physical  arrangement  of  these 
components  was  as  shown  in  Figures  IX  and  X. 

The  relationship  between  the  optical  effects  and  the 
stresses  existing  in  a  model  may  be  obtained  by  analyzing 
the  passage  of  light  through  a  plane  polariscope.   Light 
from  the  source  is  plane-polarized  by  the  polarizer,  then 
revolved  by  the  model  into  two  components  in  the  directions 
of  the  principal  stress  axes.   V/hen  the  principal  stress 
intensities  are  not  equal,  the  velocity  of  transmission  on 
one  principal  stress  plane  will  be  different  than  on  the 
other  principal  stress  plane.   This  difference  in  velocities 
will  cause  a  phase  difference  between  the  two  component 
vibrations  as  they  emerge  from  the  model. 

The  phase  difference  is  proportional  to  the  difference 
of  the  principal  stresses  and  is  measured  by  introducing  a 
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polarizing  device    called   the   analyzer.    The   analyzer    bi  ' 
part    of  each  component    vil       Lion   into    interference    in 
single   plane. 

Consider  a   source   of  monochromatic    light   at    nor      ] 
incidence   on  a   photoelastic   model.    When  the   monochromatic 
light    has  passed  through  the   polarizer,    the   vibration  is 
confined  to   a   single   plane    in  the   direction  of  and  with 
amplitude   proportional  to   OA   in  Figure  XI.    This    light 
may  be   represented  by  the   equation: 

S  -  acos(pt )  (6) 

where : 

S  -   The   Light   Vector 
a  -  The  Amplitude   of  Vibration 
p  -   Proportionality   Factor   of   2-yrf 
f  -   Frequency   of  Vibration 
t   -  Time 

When  the    light   reaches   the   photoelastic   model,    its 
plane   of  vibration  will   usually  not   coincide   with  either 
principal  plane   of  stress.    Since   the    stressed  model  can 
only  transmit    light    on  the   principal  planes,    the   original 
vibration  will   be   resolved   into   components   as    it   enters 
the   model.    These   components   are: 

acos(pt  )cos  <^        Parallel  to   the   No.    1  Principal  Plane      (7) 
acos(pt  )sin©<        Parallel  to   the  No.    2  Principal  Plane      (8) 
where: 

^  -   The  Angle   Between  the  Original  Plane   of  Vibration 

and  the  No.    1  Principal  Plane 
If  t]_   and  t2  a^£   the    times   required    for  transmission  on 
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the  No.    1  and  No.    2  principal  planes  respectively,    then 
the    two   component   vibrations    leaving  the   photoelastlc 
model  will  be: 

acos^cos   pCt-t-j^        Parallel   to   No.    1  Principal  P]  (9) 

asin.ot.cos   p(t-t2)        Parallel   to   No.    2  Principal  Plane      (10) 
The   two   vibration  components    leaving  the   model  will 
have   a  phase   difference,    p(t^  -   t2)   which  can  be    shown  to 
be   proportional   to   the   difference   between  the   principal 
stresses.      Let    h  represent   the   thickness   of  the   photoelastlc 
model  along  the   path  of   light   transmission,    then: 

t1==   h/Vj  and  t2  =  h/V2  (lla,b) 

then: 


Rewriting  equation    (5)    as 


t-|  -  to  -  h 

-L  v  -l  y  p 


c(o-a-  cr2)  =   v      |       V 


and  combining  with  equation  (12)  we  obtain 

tl  "  t2  =  T~   C  «n.  "  Cf2)  (13) 

The  phase  difference,  p(t-]_  -  t2),  of  the  light  waves 
leaving  the  model  is  seen  to  be  directly  proportional  to 
the  difference  between  the  principal  stresses  (  6~-±  -   O"^). 
The  phase  difference  is  also  proportional  to  the  model 
thickness  h  and  to  the  material  and  surrounding  medium 
optical  constant  C/V. 

By  placing  the  analyzer  in  the  proper  position,  the 
phase  difference  of  the  two  waves  can  be  determined  by  the 
interference  effects  of  their  components  in  the  plane  of 
the  analyzer.   When  the  plane  of  the  analyzer  transmission 
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is   at   right   angles    to    the   polarizer  plane    of   transmission, 
the    components   of  the   two   vibrations    leaving  the   photoelastic 
model   that   will  be    transmitted   by    the    analyzer  will   be 
given  by    the   equations: 

aoos  o^-  sin  oi.  cos  p(t-t^)  (14-) 

and  a  sin  &.  cos  c<  cos  p(t-t?)  (15) 

The    two   component   vibrations    lie    in  the    same   plane   so 
they   may   be    combined   algebraically   to    give    the    following 
equation   for   the   resultant   vibration: 

acos  c-   sin   o£  /cos   p(t-t^)    -   cos  pCt-tg)  J  (16) 

or        a  sin   2  <^sin  p    (*1   "   *Z)  sin  p  ^t   -    ll^l]      ^ 

Thus,    the    resultant    vibration  amplitude    leaving   the 
analyzer,    equation    ( 17 ) ,    is   a    function   of  both  the   angle    <=< 
and   the   phase   difference   p(t^  -    ^2^'      So    til8   resultant    is 
affected  by   both  the   directions   and  the   difference   of  the 
principal    stresses   at   each  point    in   the    model. 

The    intensity   of   the    light   transmitted  through  any 
specific   point    in   the   photoelastic   model   is   proportional  to 
the   square   of  the   amplitude   of  vibration.      A   dark   spot   will 
occur  on  the   model   for  every  point   at  which: 

a  sin   2  <>C  sin  pM    g      2)  =  °  US) 

The   dark  points   are   usually   linked   together   to    form 
loci   representing  one   of  two   possible   conditions: 

(1)  Isoclines   -    loci   of  constant  principal  stress 
direction   (when  oC  is    zero   or  ninety   degrees) 

(2)  Isochromatics  -  loci  of  constant  principal  stress 
difference,  {  6~±  -  0~2 )  (when  pCtj  -  t2J/2  is  zero 
or   nvr  where   n   is   an   integer) 
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FIGURE  X 
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In  the  plane  polarisoope,  the  isoclinic  lines  representing 
stress  dire:'-."  .  end  the  isccl    ttic  lines  representing 
stress  magnitudes  are  superimposed  on  each  other.   In 
monochromatic  light  the  combination  of  black  lines  represent} 
these  two  different  conditions  may  be  confusing. 

The  addition  of  the  two  quarter-wave  plates  to  t  ■ 
plane  polar iscope  converts  the  instrument  into  a  circular 
polarlscope.   The  quarter  wave  plates  eliminate  the  Isoclines, 
so  that  the  image  consists  only  of  isochromatic  lines 
representing  stress  magnitudes  alone.   The  light  beam  is 
now  circular  rather  than  plane  polarized.   In  selecting 
the  quarter  wave  plates  it  is  more  important  that  they 
match  each  other  than  that  they  correspond,  exactly  to  one 
quarter  of  the  wave  length  of  the  monochromatic  lignt  being 
used.   If  the  deviation  is  the  same  for  both  p3.ates,  there 
will  be  no  error  if  they  are  in  opposition  because  the 
error  produced  by  the  first  is  removed  by  the  second  quarter 
wave  plate. 

This  investigation  has  been  conducted  with  a  standard 
crossed  circular  polariscope.   The  photography  has  been 
conducted  with  a  dark  field  in  which  the  quarter  wave  plate 
axes  are  also  crossed.   With  monochromatic  light  the 
isochromatic  lines  are  shown  as  dark  bands  known  as  fringes 
or  orders  of  interference.   Each  fringe  represents  the  locus 
of  all  points  having  a  constant  value  of  principal  stress 
difference.   This  condition  can  be  represented  mathmatically 
by  rearranging  equation  (13); 
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or   (^  -.  (T2)=*  ^  (ti  -  t2)  =  ,-"  (19) 

where : 

f  -  Fringe  Constant  of  the  Photoelastic  Material  with 
Units  of  (ibs/inch/order ) 

n  -  Order  of  Interference 

h  -  Thickness  of  the  Photoelastic  Model 

Materials  utilized  in  photoelastic  stress  analysis 
display  a  linear  variation  between  the  optical  retardation 
effects  end  stress  magnitude.   The  change  in  the  difference 
of  stresses  from  one  order  of  interference  will  be  a 
constant . 

The  zero  order  of  reference  must  be  determined  by 
Observing  the  fringe  pattern  grow  as  the  load  is  applied 
to  the  model.  A    zero  order  or  point  of  zero  stress  remains 
dark  at  all  times  and  is  used  as  a  reference  in  interpreting 
the  stress  pattern.   For  the  purposes  of  fringe  order 
determination,  the  stress  patterns  are  divided  into  two 
types:  the  simple  and  the  complex.   A  simple  stress  pattern 
is  one  in  which  the  fringe  of  zero  order  is  retained 
regardless  of  the  magnitude  of  the  loads.  A    stress  pattern 
in  which  the  fringe  of  zero  order  disappears  is  of  the 
complex  type.   With  the  geometry  of  the  models  in  this 
experiment  it  was  necessary  to  observe  the  sources  and  the 
general  growth  of  the  patterns  as  the  load  was  applied  to 
fix  a  reference  order  point.   On  most  of  the  models  the 
readily  observable  zero  order  regions  moved  off  the  mode]. 
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3«  The  Polariscope  Alignment  and  Use 

The  actual  alignment  of  the  polarlscope  consisted 
several  steps.  The  long  and  the  short  optical  benches 
were  aligned  by  carefully  laying  out  t     inches  on  their 
respective  tables  and  then  the  tables  with  respect  to  the 
laboratory  wall,  A  tightly  stretched  thread  served  as  a 
check  on  the  alignment.  All  components  were  placed  on  the 
optical  benches  as  shown  in  Figures  IX  and  X   such  that  the 
guide  ball  bearings  were  all  on  the  same  side  of  the 
tracks.  The  polarizer  and  analyzer  assemblies  were 
positioned  as  close  to  the  model  as  possible.  The  condensing 
lenses  convex  side  should  be  towards  the  model,  The 
collimating  lens  and  light  source  spacing  was  adjusted  so 
that  reflected  light  rays  formed  as  small  a  point  as 
possible  (size  of  light  hole)  on  the  light  source  housing. 
The  spacing  between  the  field  lens  and  the  monochromatic 
filter  was  adjusted  so  that  a  small  image  appeared  on  the 
center  of  the  filter.  The  smaller  aperture  in  the  light 
housing  was  used  for  all  photography. 

A  special  plywood  adaptor  plate  was  made  for  the 
polariscope  camera  that  permitted  the  use  of  a  portion  of 
the  camera  attachment  and  Polaroid  Film  Holder  Model  500. 
This  photographic  equipment  was  obtained  from  the  Experimental 
Stress  Analysis  Laboratory  of  the  Mechanical  Engineering 
Department  as  part  of  the  Photolastic  Inc.  Model  051 
Transmission  Polariscope. 

The  film  used  was  Polaroid  Type  55  P/N.  This  provides 
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both  a  positive  and  a  negative.  The  negative  was  projected 
on  a  screen  to  facilitate  coun'  !    the  fringes  acci     ly. 
The  exposure  time  was  ab >ut   .;o  to  four  seconds  with  the 
sma  11  po  i  nt  i  r  :•  U]  •  y  g]  :  en  source. 

4.  The  Free  Boundary  Effect 

The  general  expression  for  obtaining  the  differences 
of  the  principal  stresses  at  any  point  in  a  loaded 
photoelastic  model  is  equation  (19): 

q  - .  <ra  =  £a  (19) 

At   a  free  boundary,  for  reasons  of  equilibrium,  only 
one  principal  stress  is  present,  and  it  has  to  be  in  the 
tangential  direction  so  that  equation  (19)  becomes 


and 


(^±£1  (20) 


(T   =  0  (21) 

n 


where: 

$7"  -   The   Magnitude   of  the  Tangential  Stress 
/p  -   The   Magnitude    of  the   Normal  Stress 
The  plus   or   minus   signs   are    introduced   because  the 
tangential   stress   can  be   either  tensile   or   compressive. 

In  determining  the    sign  of  the    stresses   around  s, 
free   boundary  we   can  observe  that    the   nature    of  the   stress 
around  a   boundary  remains   the   same   as   long  as   the 
isochromatic    or    fringe    lines   remain  essentially  parallel 
to   each  other.    The    sign   of   the    stress   at    a   point   can  be 
determined    by    inspecting  the    geometry   of  the   model  and 
observing  the   manner   in  which   it    is    loaded.    Around  an 
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interior    free    circular   boundary,    we   can  expect   to    find   four 
isotropic   points   of  zero   order  due  to   the   geometries 
involved   in  the   model  and   its    loading.    These   points   • 
serv.    tc    separate  the   two   tensile   and  two   com,:  ive 

regions   on  the    interior   circumference. 
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B.    DETAILS  OJ 

]      G       '•  i  "! 

In  this    investigation,    the   region  of   interest    is  t 
circular  reinforced   free   boundary.    Relating  the   weight    or 
volume   of  materia.!,    the   reinforcement    geometry,    and  the 
efficient    utilization  of  material  was   done  through  the 
Stress   Concentration  Factors.    This    Stress   Concentration 
Factor    is  the   ratio   between  the   maximum  and  minimum   stresses 
that   occur   on  the    circular   free   boundary. 

These    stresses   are    determined   by   the   equation 

J7   rr    +    tR  (20) 

Ul  h 

as   previously   given. 

2.    Preparation  and  Construction  of  the  Models 

The   general  configuration  of  the    seventeen  models   used 
in  this    investigation  are   described   in  Table    I. 

The   geometries    involved   in  the   components   of  these 
models  was    such  that    several   steps   were   needed  to   arrive   at 
the    final   shapes   of  the   photoelastic   material. 

For  the   circular  and  two   elliptical   reinforcements 
and  their    individual  curved   frame   appendages  three   steps 
were    followed   in  obtaining  these   parts.    First   a  template 
three   times  the   desired   final  size   of  each  of  these   six 
shapes  was    made    from  three-eights    inch  thick  plywood.    The 
plywood  templates  were   rough  cut   to    size    in  the   Ship   Model 
Shop  and  then   sanded   to   the   exact    size.    These   plywood  templates 

-    50  - 


were  then  used  as  the   guide   pattern  on  a  pantograph  in  a 
Metallurgy  D,  nt   Machine   Shop.      To    be   compatable  with 

the   desired   three  to   one   si:  iction  'o   a   1/8   inch 

end-mill  and  a   3/8  inch  guid?    j  In    were    used.    On  the 
pantograph,    templates  the    same   size   as   the   desired   finished 
phot oe last ic   material  parts  were  machined   from  0.10   inch 
thick  sheet    aluminum.    These   aluminum  templates  were   then 
smoothed   using  a   fine   gunsmith  checkering  tool   file   and 
carborundum  watersand  paper   of  400  grit.   These   aluminum 
templates  now   served  as   the   guides    for  cutting  of  the 
photoelastic   material. 

The    sheet   FS~5  material  was   rough  cut   to   within 
approximately   l/l6   inch  of  the    final  desired  dimensions  as 
traced  on  the   protecting  paper  coverings.    The   small   jig  saw 
in  the   Ship  Model  Shop  was    used  with  an  ultra   fine   blade 
obtained   from  the   Ship's    Structures   laboratory.      Then  the 
Chapman  High  Speed  Tungsten  Carbide   Cutter    in  the   Ship's 
Structures   Laboratory  was    used   for  the    final  machining  of 
the   PS- 5  components. 

The   rough  cut   FS-5  components  were   attached  to  the 
aluminum  templates    using  double    sided  masking  tape.   The 
roughing  guide   was    inserted   into  the    high  speed  cutter  and 
the   parts   machined  to   within   0,007    inch  of  their   final 
dimensions.    The    finishing  guide   was  then   inserted  and  the 
models   cut   to   their    final   size.      PS-5  material   is  not   as 
susceptible   to    chipping  and   the    development    of  edge    stresses 
as    some    other  materials.      Care    is   required   in  machining  small 
parts    since   the    cutter    is   turning  at    45,000  rpm   and  small 
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cuts  must  be  taken  to  avoid  grabbing  of  t    cutter. 

The  parts  were  then  separated  from  the  t   ]  >         3  and 
inspected  u  ler  10X  magnification  on  the  T/  n  .missio 
Polariscope  in  the  Experimental  Stress  -   lysis  Laboratory 
for  edge  stresses.   No  edge  stresses  were  noted  which 
indicated  that  the  high  speed  cutter  was  being  used  with 
light  enough  cuts. 

In  all  a  total  of  fifty  one  different  photoelastic  parts 
were  machined  exclusive  of  the  two  calibration  disks.   These 
parts  consisted  of  five  four  inch  square  foundation  pieces, 
sixteen  reinforcing  frames  of  3/8  x  1/4  x  4  inches,  six 
circular  reinforcements  of  two  inch  outside  diameter,  six 
elliptical  reinforcements  with  a  major  axis  of  two  and  one 
half  inches  and  a  minor  axis  of  two  inches,  six  elliptical 
reinforcements  with  a  major  axis  of  three  inches  and  a  minor 
axis  of  two  inches,  and  three  sets  of  four  appendages  each  to 
fit  the  contours  of  the  circular  and  elliptical  reinforcement 
pieces.   The  fillet  radius  of  these  appendages  was  two  inches. 
All  foundation  pieces  and  circular  and  elliptical  reinforce- 
ments were  center  bored  to  one  and  one  quarter  inch  diameter. 

A   wooden  jig  was  then  constructed  which  would  aid  in 
the  alignment  of  the  components  to  be  attached  to  each  side 
of  the  three  main  foundation  pieces.   This  consisted  of 
cavities  for  each  of  the  parts  such  that  two  ribs  and  the 
two  contoured  appendages  on  each  side  could  be  cemented  and 
held  in  alignment  while  the  cement  set. 

The  cement  was  Fhotolastic,  Inc.  PC-1  (Clear)  with 
hardener  PCH-1.   This  resin  cement  matches  the  properties  of 
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the  sheet  materials.  It.  requires  twelve  hours  to  cure. 
Great  ca2.'*e  is  required  in  measuring  out  the  two  ingredients 
so  as  to  maintain  the  proper  rel;     ship  of  ten  p 
hardener  to  one  nu  "   ">  parts  of  the  PC-1  resin.  To  assj 
in  the  accurate  mixing,  a  Redding  Powder  and  Bullet 
handloading  scale  was  utilized.  This  scale.  3. s  guaranteed 
accurate  to  one  tenth  grain.  Very  small  amounts  of  cem'^nt 
were  mixed  as  it  should  be  used  sparingly  and  only  a  few 
parts  joined  at  one  time.  A   polished  aluminum  dowel  pin  was 
made  to  aid  in  the  alignment  of  the  reinforcement  holes. 

Even  with  extensive  care  in  machining  and  alignment, 
there  are  visible  differences  in  certain  areas  on  the  models. 
These  differences  are  probably  the  cause  of  some  symmetry 
problems  incurred  while  loading  the  models. 
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The    general  configuration  of  each  of  tne   models    is   as 
described    in  the    following  table. 

TABLE    ] 

EA SIC   MO DSL  DESCRIPTION 

MOVE7.,  NUMBER  QN-FIGURATIO 

1  Unreinforced  Foundation  Piece 

2  Reinforced  with  Rib  Frames    on  Outside   Edges 

3  Reinforced  with  One   0.080  "   Circular  Reinforcement    on 
Each  Side 

A  Reinforced  with  One    O.O80"   Small  Ellipse    on  Each  Side 

5  Reinforced  with, One    O.O80"   Large   Ellipse    on  Each  Side 

6  Reinforced  with  Three   Circular  Reinforcements 

7  Reinforced  with  Three   Small  Ellipses 

8  Reinforced  with  Three   Large   Ellipses 

9  Reinforced  with  Four  Circular  Reinforcements 

10  Reinforced  with  Four   Small  Ellipses 

11  Reinforced  with  Four   Large   Ellipses 

12  Reinforced  with  Five   Circular  Reinforcements 

13  Reinforced  with  Five   Small  Ellipses 

14  Reinforced  with  Five    Large  Ellipses 

15  Reinforced  with  Six   Circular  Reinforcements 

16  Reinforced  with  Six  Small  Ellipses 

17  Reinforced  with  Six   Large   Ellipses 

Note:    Models   3  through  17  all   have   the    frame   ribs   on  two 

outside   edges   and   the    appropriate   contoured  pieces   to 
fit   against    the   particular   circular   or   elliptical 
reinforcements    on  the    holes. 
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4. I  oadlng 

In  an  ideal  model  in  which  tb  mat?  ..•'■■  1  distribution  is 
perfectly  symmetrical,  a  uniform  edge  compressive  load  would 
result  in  a  perfectly  symmetrical  fringe  pattern  in  all  four 
quadrants.   This  perfect  symmetry  of  material  and  loading  is 
rather  difficult  to  attain.   By  the  use  of  carefully 
constructed  wooden  jigs  for  the  cementing  process,  it  was 
hoped  to  attain  accurate  joining  of  the  various  reinforcing 
components  to  the  basic  foundation  piece.   Then,  by  the  use 
of  a  piece  of  small  (one  quarter  inch  diameter)  round  stock, 
the  bearing  point  of  the  load  cell  on  the  upper  loading  frame 
piece  could  be  adjusted  so  that  the  fringe  pattern  on  either 
Side  of  a  vertical  line  down  through  the  center  of  the  mod.el 
could  be  made  symmetrical.  This  was  the  ideal  pattern  desired. 
The  attainment  of  this  was  very  difficult  and  time  consuming 
due  to  the  high  sensitivity  of  the  fringe  pattern  to  the 
position  of  the  round  stock  under  the  load  cell. 

Any  lack  of  symmetry  above  and  below  a  horizontal  line 
through  the  center  of  the  model  proved  to  'be  incapable  of 
correction.  There  was  no  means  of  adjusting  the  free 
boundary  on   the  sides  to  aid  in  attaining  symmetry  of  the 
fringe  pattern. 

As  a  means  of  obtaining  the  best  approximation  to  a 
uniformly  distributed  load  along  the  edges  under  compression, 
this  load  was  transmitted  through  a  layer  of  several  sheets 
of  thin  cardboard.   The  reason  for  the  cardboard  spacers 
between  the  photoelastic  model  and  the  loading  frame  pieces 
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is  related  to  the  boundary  conditions  desired.   Tl 
stribution  of  the  stresses  in  pieces  of  rectangul; 

fori  '•     loaded  partially  in  compressio 
the  boundary  conditions.   Even  if  the  two  surfaces  being 
loaded  in  compression  are  perfectly  plane,  the  distribution 
of  the  stresses  will  not  be  uniform.   Under  cc    ission 
the  width  of  the  photoelastic  model  is  increased  by  about 
one  third  of  the  length  contraction.   On  the  surface  of 
contact,  the  friction  with  the  aluminum  loading  frame  does 
not  allow  the  expansion  of  the  photoelastic  material.   This 
would  introduce  a  lateral  compression  on  the  boundary. 

The  best  way  to  obtain  a  uniform,  or  nearly  u  j. form 
distribution  of  the  stresses  in  the  model,  is  to  introduce 
a  material  which  does  not  develop  tangential  stresses  and 
does  equalize  the  normal  stresses.   These  conditions  appear 
to  be  realized  by  using  cardboard  spacers.   The  effect  of 
the  cardboard  is  to  allow  a  freer  expansion  of  the  boundary. 

In  addition  to  aiding  with  the  poisson  effect  problems, 
the  cardboard  spacers  probably  also  help  to  distribute  the 
load  more  uniformly.   When  the  loading  was  applied  along 
the  edges  at  right  angles  to  the  framing  direction,  each 
bearing  edge  was  composed  of  seven  different  pieces  in 
the  built  up  models.   Any  slight  deviation  from  a  perfectly 
uniform  edge  alignment  when  cementing  the  pieces  together 
may  be  somewhat  compensated  for  by  the  cardboard  spacers. 
The  loading  frame  that  held  the  models  consisted  of  two 
identical  top  and  bottom  pieces  and  two  alignment  rods  as 
shown  in  Fieure  XII. 
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To  attain  a  perfectly  symmetrical  fringe  pattern  with 
all  thes<  pote:  tial  sources  of  non- uniformity  was  difficult. 
In  the  final  analysis,  the  most  unifo   pi    i  \   attainab] 
with  adjustments  to  the  point  of  loading  -    ;   I    a.phed. 

n  the  average  fringe  order  of  both  vertical  and  both 
horizontal  free  circular  boundary  points  v;ere  used  to 
obtain  the  stress  concentration  factor-  between  the  horizontal 
and  vertical  exes. 

Buckling  considerations  would  serve  as  an  upper  limit 
to  which  a  photoelastic  model  should  be  loaded  in  compression. 
When  a  model  started  to  buckle,  the  curvature  of  the  model 
surfaces  which  were  originally  normal  to  the  direction  of 
the  light  beam  would  tend  to  degrade  the  accuracy  of  the 
results. 

In  this  investigation,  it  was  desired  to  load  a  model 
along  the  edges  at  right  angles  to  the  direction  of  framing 
to  represent  hoop  stress  in  a  cylindrical  pressure  vessel 
wall.   Then  the  model  was  turned  ninety  degrees  so  that 
the  loading  was  along  the  edges  parallel  to  the  direction 
of  framing.   The  load  was  reduced  to  a  value  to  produce 
an  edge  loading  of  one  half  the  force  applied  for  the  hoop 
loading  case.   This  reduced  loading  on  the  other  two  edges 
is  to  represent  the  longitudinal  stress  in  a  cylindrical 
pressure  vessel  wall.   The  ratio  of  two  to  one  is  strictly 
valid  for  an  unstiffened  cylindrical  pressure  vessel.   As 
ring  frames  are  added,  these  v/ould  tend  to  relieve  some 
of  the  hoop  stress  level  in  the  pressure  vessel  wall  but 
only  have  local  effects  on  the  longitudinal  stress  levels. 
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These  square  photoelastic  models  can  be  thoug  :  of  as  an 

element  cut  from  a  pressure  vessel.  The  force  bal?     to 

maintain  this  eleiafcnt  in  equilibria  .  i]  '  )     a  the  same 
as  ri]   '"             d.   The  lc  ..  '    was  therefo 

maintained  at  a  simulated  two  to  force  balance  on  the 
photoelastic  model. 

5.  Load  Cell  Calibration 

The  load  cell  available  for  this  investigation  was 
manufactured  by  the  Baldwin- Lima- Hamilton  Corporation. 
Since  the  exterior  name  plate  data  was  not  available,  the 
problem  became  one  of  calibrating  an  unknown  universal 
load  cell.   By  the  physical  dimensions  it  was  estimated  to 
be  of  about  a  ten  thousand  pound  capacity  and  of  World  War 
II  vintage.   The  color  coded  wiring  established  its 
identity  as  a  ELH  product  with  a  full  wheatstone  bridge. 

After  several  initial  trial  gage  factor  settings  on  a 
Budd  Strain  Indicator,  the  value  of  0,60  gage  factor  was 
determined  to  give  a  one  to  one  relationship  between 
microstrain  and  pounds. 

.  By  the  use  of  a  mechanical  balance  with  two  pound 
increments  in  loading,  the  linearity  of  the  load  cell  was 
checked  up  to  a  five  thousand  pound  loading. 
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LOAD  C  i 

Manufacturer:      1  CORPORATION 

Serial  Number   5019 

Estimated  Capacity:    0-10,000   lbs   Tension  or 

Compression 

STRAIN    3    DICATOR 

Manufacturer:      BUDD  COMPi 

Serial  Number   I895 

Model  P-350 

Gage  Factor  Setting  0.60 

BALANCE 

Manufacturer:      RIEHLE  BROS. 

Serial  Number   1?079 

Range:    0-10,000   lbs    in    2   lb   Increments 
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TABLE 

II 

LOAD   CE3       G    LT.BF 

] 

Ins  brume nt 

Inorei 

C        1  .  ssive   Loc d 

•        1~+n£-uce 

--■ 

lb 

+  2909 

0 

0 

+  2  889 

20 

20 

+-  2869 

40 

40 

+■  2849 

60 

60 

+-  2829 

80 

80 

•  -h  2809 

100 

100 

+  2701 

208 

200 

+  2601 

30  8 

300 

+■  2500 

409 

400 

+■  2400 

509 

500 

t  2292 

617 

600 

+■  2198 

711 

700 

+  2090 

819 

800 

r  1993 

916 

900 

+  1891 

1018 

1000 

+   1390 

1519 

1500 

+     883 

2026 

2000 

+     382 

2527 

2500 

-      120 

3029 

3000 

1  -     615 

3524 

3500 

-    1100 

4009 

4000 

-   1609 

4518 

4500 

-    2108 

5017 

5000 
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FIGURE  XIII 


LOAD  CELI  •'  (   SUIT 


Pj  (Blacl  ) 


Jl 

t  ive  Gage 

S2  (Red) 


ve  Gage 


E 


Indicates  Load  Cell  Lead  Colors 
Indicates  Terminals  on  Budd  Strain 

Indicator 


Full  Wheat  stone   Bridge    Load  Cell 
( Fo  ur  Active   Ga  ge  s ) 

Sensitivity   of   Load  Cell   is    0.  60 >«_ inch/inch  per    lb. 
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6.    Dei         ination  of  1 

This    series   of   investigations    i  sondud  i 

monocb  boi  a/tic    light    sour:  With  the    standard  cross 

circul         ;:  the   axes   of  the  polarizer  and  c        L;  zer 

are   crossed  and  the    fast    axes   of  the   one   quarter  wave   plates 
are   crossed  so   as  to   be    in  opposition  to   one   another.    This 
configuration  presents   a   dark   field    in  which  the   dark 
lines    in  the    isochromat ic   pattern  correspond  to    zero   and 
integral  orders.      By  mere3.y   rotating  the   axis   of  the 
analyzer   by   ninety   degrees   so  that   the   axes   of  the   polarizer 
and  analyzer   are   parallel  we   obtain  a   light    field   in  which 
the   dark   lines    in  the    isochromat ic   pattern  correspond  to 
half  orders. 

The   fringe   order  at   any   particular  point    is   determined 
by    locating  a   point    of   zero   order  and  counting  the   fringe 
lines   crossed    in  reaching  the   point    of   interest.    The    zero 
fringe    is    located   by  the    fact   that    its   position  remains 
fixed   under  all   loading  levels.      V.Tith  the   dark  field  of  the 
standard  crossed  circular  polariscopc,    the   entire  model   is 
dark  when   unloaded.      That    is,    the    zero   order  covers   the   model 
As   the   model    is    loaded,    only  the    zero   order   points  will 
remain  dark  and   fixed   under  all   loads.      All  the   remaining 
portions   of  the   model  will  alternately   be   dark  or   light   as 
the    loading   level   is   changed. 

The  points  of  zero  order  were  obtained  by  observing  the 
initial  loading  of  the  model  and  by  inspecting  the  geometric 
fringe   patterns   around  the    free    inner   boundary.      There   are 
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four  points  of  zero  order  or  isotropic  poii  b  i  on  the  inner 

free  surface  that  repn      the  points  wl      I   tangential 

boundary  stress  changes  from  a  tensile  to  a  cc 

stress.   An  observation  of  the  loaded  moc 

made,  wit!  w]  be  light  to  e       h  wh3     E"  the  fringes 

be, Ions  to  the  zero  order  since  this  order  will  always 

appear  black. 

By  the  process  of  shifting  from  a  dark  field  to  a 
light  field,  both  the  integral  and  half  orders  can  bo 
observed.   Thereby,  the  accuracy  of  fractional  order 
estimates  may  approach  one  quarter  order.   The  method  of 
plotting  the  integral  fringe  orders  versus  angular  position 
around  the  inner  free  bound  ry  also  will  permit  a  more 
accurate  estimate  of  the  fractional  order  at  any  point  on 
the  boundary.   This  latter  method  has  been  utilized  for 
model  one  and  two.   Both  the  1  >op  stress  and  the  longitudinal 
stress  components  have  bee  a  plotted  in  this  manner  and  then 
the  stresses  have  been  superimposed. 

Ll  .Properties  of  PS-5 

The  photoelastic  material  used  in  this  investigation 
was  manufactured  by  Photolastic,  Inc.  of  Malvern,  Pennsylvania. 
The  accuracy  of  the  model  technique  depends  upon  the  quality 
and  -reliability  of  the  model  material.   The  recent  materials 
developed  by  Photolastic,  Inc.  give  consistent  sheets  that 
are  free  of  internal  stress,  have  excellent  transparency, 
very  lev;  time-edge  effect  and  high  sensitivity.   For  the 
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fabrication   of  built    up  models,    adhesive s   are   a.     ] 
which  match  the  properties   of  the   componenl     ]  ul 

quality   control  assures  that    sheet   properties   ar  tif 

.from    lot   to    lot . 

PS-5  material    is   an   epoxy    synthetic   resin  with  the 
following  properties   listed  by   the   manufacture 

Modulus   of  Elasticity    (E)  450,000  psi 

Po  is  son's  Ratio    (>r)  0.35 

Stress  Optical   Constant  60  psi/fringe/inch 

The   estimated  tensile    strength  is   9,000  psi,    with  the 
yield   strength  above   3,000  psi.      The  PS-5  material   is   about 
twice   as   expensive   as  the   older   CR-39  material,    but  the   very 
-uniform   qualities   of  the   PS-5  materia]    ..       >    it   better   suited 
to    detailed  photoelastic   analysis. 

8.    Determination   of  the   Material's   Fringe   Const t 

The   necessity   of  determining  the    quantitative 
significance   of  the    isochromatic    fringe  pattern   in  terms   of 
stress   levels    is  required   for   any  problem   in  which  absolute 
stress  values,    rather  tha/n  relative   values,    are   needed. 
Evaluation   of  the    fringe   constant    "f"   is   a   determination  of 
the   stress-optic    constant   of  the   material. 

The    fringe   constant    represents  the   change    in  the 
difference    between  the   principal   stresses  that    will  produce 
a  change   of  one   order   of   interference   at   a   given  point    in  a 
piece   of  material   having  a   unit   thickness. 

The    fringe   constant   depends   on  the  type   of  material  and 
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may  vary  from  one  lot  to  another  such  that  it  is  necessary 
to  check  the  calibration  each  time  a  new  lot  is  us  •  .  The 
fringe   constant    also   depends   on  t  length  of  bh 

being   used    in  the   experiment. 

The    fringe   constant   was   determined   for  two   monocb      matic 
light    sources.      The   normal  monochromatic    light   availab~ 
with  the   Polarizing   Instrument   Company  polariscope    in  the 
Ship's   Structures   Laboratory   is  mercury   gr    -  a  with  a 
wavelength  of   5461  angstroms.      This  wavelength  v:as   obtained 
by   using  a   mercury   lamp   as   a   light    source   and  a  mercury  green 
filter.      To   allow   for   the   possible    use   of  the  Photolastic 
Inc.    Transmission  Polariscope  Model  051  with  10X  magnification 
in  the  Mechanical  Engineering  Department's   Experimental  Stress 
Analysis   laboratory,    the    fringe   constant    for   sodium   yellow 
light   was   also   determined.      This  wavelength  corresponds  to 
the   tint    of  passage   at    5893  angstroms. 

In  any  calibration  technique   one   must    select   a 
geometrical   shape   and   loading  for  which  the  theoretical 
stress   distribution  is   accurately   known.      Among  the   common 
calibration   specimens   are  tensile   bars,    beams   under  pure 
bending,    and  circular   disks   under   diametral   loadir 

For   several  reasons   a   circular  disk  was    selected,  as  the 
calibration  geometry.    Among  the   reasons   were   that   ti 
compressive    loading  of  the   disk  represents  the  type   of 
loading  to    be    utilized  throughout   the   experiments   so  the 
loading  apparatus   was    used    in  a   consistent    fashion,    the   ease 
of  machining,    and  that   the   principal   stresses   at   the    di 
center  are    knovm   from  the  theory  of  elasticity. 
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The    fringe   order   nc   at   the   center   of  the   disk  can 
.ily  be    observed  with  a    high  d.  of  precision.    It    :' 

not    materially   affected   by  any   initial  edge    stresses. 
u         efo   e  the   disk  provides   a    si   pie    :,-       ace  irate   i     ans    of 
determining  the    fringe   constant    of  the   material   in  a 
compressive    load  application. 

From  the  theory   of  elasticity   for   the   case   of  a   disk, 
the   stresses   along  the    horizontal  diameter  are   given  by: 
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at   the   center   of  the   disk  x-0     so  these   reduce   to: 
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Then:    (JT 


Therefore 


TfhD        J  . 


f  = 


8P 
TTDn, 


(26) 

The    fringe   order  nc    is   a   linear   function  of    (p/D)   and 
is    independent    of  the   thickness   of  the   material. 

Two   compressive   disks    from  one   quarter   inch  thick 
material  of  the   same    lot    number  as  the   models   were    used   for 
calibration  purposes.   These   disks  were   machined  to   diameters 
of  2.710   inches   and   2.395   inches. 

A   disk  was    loaded    in  compression  and  the    load  recorded 
at    which  each   integral   order  of    interference   reached  the 
center   of  the   disk.      After  reaching  the   eighth  order  the 
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disk  \r?3   slowly   unloaded  and   the    loads   recorded  at  which 
the    fringes   at   the   center  were   reel    :   3      d        This   procec  i 
was  repeated    sever^L   times  v,rith  both  mercury   light   a  id 
sod  i urn  ye 1 lo T '  rao  no  c hr o  ma t i c    1 i g ht .      Since  me  re ur y   1 i  ght 
was   used    through  out   the    invest'  Lon,    only   these   results 

are    included   in  Figure  XVI. 

The    slope   of  the    load  P/D  versus    fringe   order  nc 
curve   v.ras   obtained   from   the   graphs.      The    fringe   constant 
was   calculated  using  equation   (26) i 

fa   _§£ (26) 

7T  Dnc  ' 

where: 

f  -  Fringe  Constant  of  the  Material   ( lbs /in/order ) 
P/nc~  Slope  of  the  P  versus  nc  curve   (lbs/order) 

P  -  Diametral  Load  on  the  Disk   (lb£  ) 

n  -  Order  of  Interference 

D  -  Diameter  of  the  Disk   (inches) 

Further  loading  of  the  disk  would  not  improve  the 
accuracy  of  the  fringe  constant  since  the  assumption  of 
point  diametral  loading  becomes  less  valid  as  the  disk  is 
flattened  at  the  points  of  load  application. 
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TABLE   III 


FRIJ  rONJR    km     V3 

Monochromatic   Light:      M  -y  Green  -  YJave]  i   5461  Angsti  . 

Disk  Diameter:      2. 710   inches 


Fringe  Order 
at   Center  nn 


Strain   Indicator  Readings __( sjl  'V^. ) 
Increasing  Load  i  Dec: 


0 
1 
2 

3 

4 

5 
6 

7 

8 


0  lbs 

49 

108 

166 
228 
286 
345 
403 
464 


0  lbs 

45 

96 
154 
225 
270 
333 
385 
464 


Average 

0  lbs 

47 

102 

160 

226.5 

278 

339 

394 

464 


Diameter 
0  lbs/j  i 

17.3 

37-6 

59c6 

83.6 
102.6 
125 .1 
145-4 
171.2 


Disk  Diameter: 
0 
1 
2 

3 
4 

5 

,  6 

7 

8 


2.395  inches 
0  lbs 

43 

87 

144 

193 
241 

295 
346 

397 


0  lbs 

40 

78 
140 
181 

245 
296 
341 
397 


0  lbs 

0   lbs/j n 

41.5 

17.3 

82o5 

34.5 

142 

59.3 

187 

78.1 

243 

101 .  5 

295.5 

123e4 

343-5 

143.4 

397 

165.  8 
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TABLE   IV 
FRINGJ     CON; 

Ratios  jf or 

Frii  (  a  Me,  '■  ]  |         |  j 

0  0  (p/d) 

1  17.3 

2  36.1 

3  59.2 

4  80.7 

5  102.0 

6  124.3 

7  144.4 

8  168.5 
Plotting  of  mercury   green  values    in  Figure  XVI   gives 

the   slope   of   the   n     vs  P/D  relationship.      Sodium   yellow 
graph   is   not    included    in  this   thesis   but   the    fringe   constant 
is    given   below. 

Me r cur y  Green 

f  «,        &     _   8_  /AP\   /     1   \         _8   (167-17)   .1         =  ^  6 

-    7rncD  -  tt   [    D    }  [AnQ)-       jr  K   °(      U    (8  ~   lj       ^4,b 

-Average   Fringe   Constant:      54.6      lbs/in/order 
Sodium   Yellow 


0 

(P/D) 

19. 

1 

41, 

2 

62, 

>0 

85. 

8 

108. 

9 

128. 

5 

133. 

8 

177- 

5 

f  =   8p  _  8 


(175-18.5)  ^M  =  57.0 


IT  ncD    7T 
Average  Fringe  Constant:   57. 0  lbs/in/order 
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C.    SUM 

1.    G  y   and   Vj        hts   of  Go 

The  isity   of  PS- 5  material   is  about,   317   :    a  ins   per 

cubic    inch  where   7>000  grains   equals   one   pour 

The   weight   and  volume   of  soe  l]         is  follows: 

Circular   hole    in  base   piece   volume    is  tt(1.25)2   0  • 0,30c    jn^ 

■ 
Circular   hole    in   base   piece   weight    is    (317) (0. 305)  =    96.6  grains 

Ring   frame   reinforcement    strip   is   3/8  x  4  x    (0.24-5)  =  0.368   in^ 

Weight   of  two    full  reinforcement    strips      2  x    (0.368)    x   317  =  233.6  gr 

Total  removed  material  from  models    2  through  17   is   330,2  g      ,ins 

Total  material  removed  to    obtain  a   bare   base   piece    is   797*4 

grains.   This    includes   six   full   length  frame    strips   and  the 

center   hole. 

TABLE  V 

WEIGHTS   OF   COMPONENTS  T<  !    ..  UP   THE  MO 

Item  No.  Pi script  ion  Weight  in  ns 

1  Ring  Frame   Reinforcement    Strip  116.8 

2  Circular   Disk  Reinforcement    (0.080"   thick)  45.3 

3  Small  Elliptical  Reinforcement  65»3 

4  Large   Elliptical  Reinforcement  83.3 

5  Supports   For  Circular  Reinforcements  35*0 

6  Supports   For   Small  Ellipse  27 .0 
7'                     Supports   For   Large   Ellipse  20.0 

Model  numbers    2  through   17  all   have  two   reinforcing  strips   on 
each  side   near  the    outside   edge   to   represent   ring   frames. 
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The   follow!-,      bi  ble    shows  the   manner   in  which  the 
reinforcement   weights   have   bee;1,  added 

V    I]  ../ITS  OF  M  i 


Mode]    No.           Reinforcements                        Co  i  2   C 

1  Foundation  Piece  Alone  0 

2  Four  Edge   Strips   Added  46?. 2 

3  Two   Circular  Reinforcements  697.8          0  0 

4  Two   Snail  Ellipses  705.8          0  8,0 

5  Two    Large   Ellipses  713c 8          0  16=0 

6  T  hr e e   C  ir c  u la r  Re  in f o r c  e me nt s  743,1        4 5 . 3  45.3 

7  Three   Small  Ellipses  771.1        65*3  73.3 

8  Three   Large   Ellipses  797.1        83.3  99.3 

9  Four   Circular  Reinforcements  788.4        90.6  90.6 

10  Four  Small  Ellipses  836  130.6  138.6 

11  Four   Large   Ellipses  880.A  166.6  182.6 

12  Five   Circular  Reinforcements  833e7  135.9  135«9 

13  Five   Small  Ellipses  901.7  195. 9  203.9 

14  Five   Large   Ellipses  963. 7  249.9  265.9 

15  Six   Circular   Reinforcements  879. 0  181.2  181.2 

16  Six    Small  Ellipses  967.0  261.2  269.2 

17  Six   Large   Ellipses  1047.0  333.2  349.2 

Note:         Column   1   -   Total  Weight   Added  with  Model  No.    1  as  Reference 
Column   2  -    Change    in  Weight   within  Each  Basic   Geometrical 

Shape    (ie.    Models    3,    6,    9,    12,    and   15 ) 
Column  3  -    Change    in  Weight   Through  the   Changing 

Geometrical  Shapes    (Model  3  as   Reference) 
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TAB]  E  U/II 

Model  Numb er 
2 

3 

4 

6 

7 

8 

9 
10 
11 
12 

13 
14 

15 

16 

17 

Note:   1.  Intact  case  is  defined  as  a  model  with  no  hole 
and  with  two  ring  frame  strips  on  each  side  over 
the  location  where  the  hole  would  be  cut. 
2.  Plus  sign  indicates  material  in  excess  of  intact 
case . 


V7e  ight 

: 

of 

n 

( 

' 

-  330.2 

-    99-6 

-91.6 

-   83.6 

-  54 . 3 

-  26.3 

-  0o3 

-  9.0 

+  39.0 

+  83 . 0 

*  36.3 

-+104-.3 

+ 166. 3 

+    81.6 

+  169.6 

+  249.6 
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2.  Fringe  Order  Da 

The  following  tables  are  the  results  of 
j  fied  negatives. 

TABLE  VIII 

SUMMARY  OF  D        -  (DELS  ]  AND  2 


Model 
Number 

Position 

000 

Fringe 
Ord 

6 

T 

Model 
Number 

lb 

Position 
000 

Fringe 
Orde 

la 

9 

1/2  C 

090 

16  3/4 

C 

090 

3 

1/2  T 

180 

6- 

T 

180 

9 

1/2  C 

270 

16  3/4 

C 

270 

3 

1/2  T 

2a 

000 

3  1/4 

T 

2b 

000 

6 

1/2  3 

090 

9  1/2 

C 

090 

1 

3/4  T 

180 

3  1/4 

T 

180 

6 

1/2  G 

270 

9  1/2 

C 

270 

1 

3/4  T 

Note:   Model  number  one  loadings  were  1000  lbs  for  the  "la" 

position  and  500  lbs  for  the  "lb"  position.   All  other 


models  were  loaded  at  700  lbs  and  350  lbs  for  the  "a" 
position  (parallel  to  the  frames)  and  "b"  position 
(perpendicular  to  the  frames)  respectively. 

C  -  Compression 
T  ~  Tension 
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fJ  1 

Number 

'RY  OF 

'  FOR 

Position 

Fringe 
Order 

c 

Number 

Positii 

Fringe 
Ore 

3a 

000 

5  1/4  T 

3b 

000 

7  1/2  C 

090 

12  1/4  G 

090 

2  1/4  T 

180 

5  1/4  T 

180 

7  1/2  C 

270 

12  1/4  C 

270 

2  1/4  T 

6a 

000 

5  3/4  T 

6b 

000 

9     C 

090 

33     c 

090 

2  3/4  T 

180 

5  3/4  T 

180 

9     C 

270 

14     C 

270 

3  1/4  T 

9a 

000 

6  1/4  T 

9b 

000 

11     C 

090 

15    c 

090 

3  1/4  T 

180 

6  1/4  T 

180 

11     C 

270 

15    c 

270 

3  1/4  T 

12a 

000 

5  3/4  T 

12b 

000 

11  1/2  C 

090 

16     C 

090 

3  1/4  T 

180 

5  1/2  T 

180 

11  1/2  G 

270 

16     G 

270 

3  3-/4  T 

15a 

000 

6     T 

15b 

000 

12     C 

090 

14     C 

090 

3  1/2  T 

180 

6     T 

180 

11    a 

270 

15     G 

270 

3  1/2  T 

C  --  Compression }   T 

-  Tension 
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TABLE  X 

SI  '  ....  !     1    ■ 

Model  }  i.  :'  i  ge  .  odel  Fringe 

1       !   '"  .       ¥.:  '     blon       Ord  •  .  n 

4a 


7a 


10a 


13a 


16a 


000 

■5 

1/2 

T 

4b 

000 

7  1/2  C 

090 

12 

1/2 

G 

090 

2  1/2 

180 

5 

1/4 

T 

180 

7  1/4  C 

270 

12 

1/2 

C 

270 

2  3/4  T 

000 

5 

iA 

T 

7b 

000 

7  1/2  C 

090 

12 

C 

090 

3     T 

180 

5 

3/4 

T 

180 

8  1/2  C 

270 

13 

C 

270 

3  1/4  T 

000 

4 

3/4 

T  ' 

10  b 

000 

7  1/2  C 

090 

12 

1/2 

C 

090 

2  5/4  T 

180 

4 

3/4 

T 

180 

8     G 

270 

13 

1/2 

C 

270 

3     T 

000 

4 

3/4 

T 

13b 

000 

8     G 

090 

13 

C 

090 

3  1/2  T 

180 

4 

3/4 

T 

180 

8  -   C 

270 

14 

C 

270 

3  1/4-  T 

000 

4 

1/2 

T 

16b 

000 

8  1/4  C 

090 

12 

1/2 

C 

090 

3  1/2  T 

180 

5 

1/4 

T 

180 

8     C 

270 

13 

1/2 

C 

270 

3  1/4  T 

Compression,      T   -   Tension 
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TABL 

su 

::GED  MODj 

Mod-.  ] 
Numl 

Pos3  • 
000 

Fringe 
Or" 

Model 
Nu  :  r 

Po  ' '  ■   Lon 
000 

] 

Ore 

7 

5a 

5 

1/2 

1/2  a 

090 

12 

1/2  C 

090 

2 

1/2  T 

180 

b 

1/2  T 

180 

7 

C 

2?0 

12 

1/2  C 

270 

2 

1/2  T 

8a 

000 

6 

T 

8b 

000 

7 

1/2  G 

090 

13 

1/4  C 

090 

3 

11 

180 

5 

T 

180 

8 

1/2  C 

270 

13 

1/2  C 

270 

3 

T 

11a 

000 

4 

3/4  T 

lib 

000 

8 

1/4  C 

090 

13 

1/2  G 

090 

3 

T 

180 

4 

3/4  T 

180 

8 

1/4  G 

270 

13 

C 

270 

3 

T 

14a 

000 

4 

1/2  T 

14b 

000 

8 

G 

090 

14 

a 

090 

2 

3/4  T 

180 

4 

3/4  T 

180 

8 

C 

270 

13 

C 

270 

■3 

T 

17a 

000 

4 

1/4  T 

17b 

000 

8 

1/4  C. 

090 

14 

C 

090 

3 

1/4  T 

180 

5 

1/2  T 

180 

8 

1/4  G 

270 

14 

C 

270 

3 

1/4  T 

C    -    Compression,      T   -    Tension 
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TABLE  XII 

SU                      0E 

DINGS 

2 

Mode  3 

Average   Frii         Orc'.er  On 

.               Concei           ion 

1 1 

Vertical  / 

. 

c 

1 

3   1/2  C 

13            C 

3-72 

2 

3   1/4  C 

7  3/4  C 

2.38 

C    -   Compression 

T   -   Tension 

3 

2   1/4  C 

6 

3   1/4  C 

9 

4  3/4  C 

12 

5  7/8  C 

15 

5    1/2   C 

TABIJ;:  XIII 

SUPERPOSITION  OF  LOADINGS  FOR  Cj  UNFORCED  MODELS 

Model      Average  Fringe  Order  On  Stress  Concentration 

Number   Vertical  Axis_  Horizontal  Axis £?L9_k2r__ 

10  C  4.45 

10  1/2  c  3.23 

11  3/4  C  2.48 

12  3/4  C  2.17 
11     C  2.00 

TABLE  XI V 

SUPERPOSITION  OF  LOADINGS  FOR  SMALL  ELLIPTICAL  REINFORCED  MODELS 

Model      Average  Fringe  Order  On  Stress  Concentration 

I   ber  Vertical  Axis   Horizontal  Axis  actor 

4       2     C          9  7/8  C  4.94 

7       2  1/2  C           9  3/8  C  3.75 

10     3    c      10  1/8  c  3.33 

13      3  1/4  c        10  1/8  c.  3.12 

16       3  1/8  C          9  5/8  C  2.96 
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TABLE  XV 

s  n     pc  <     o    oj    ]  >  for 

Model  .     '.'    '  0    ]    -   On              Str   s      Son   -            bion 

•  bar  sal  AxL  :                  1  Ax'                                               __ 

5  1  3 A  c  10          c  5.71 

8  2    1/2   C  10   3/8  G  4.15 

11  3          c  10  3/4  c  3.58 

14  3   3/8  C  10    5/8  G  3.15 

17  3  3/8  c  10  3 A  c  3.19 


MODEL  THICKNESSES 
The    following  average   model   thicknesses   have   been 
determined   by   use   of  a  micrometer   in  the   region  surrounding 
the   circular    hole   as   the   reinforcements  were   added.      These 
values   are    used  with  equation   (20)    to   determine   the    stress. 

TABLE  XVI 

MODEL  THICKNESSES 

Model  Numbers 
1,2 

3,4,5 

6,7,8 

9,10,11 

12,13,14 

15,16,17 
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Number   of  G-l 

ue 

Lines 

Total 
Average   Thickness    (     ) 

0 

0.245 

inches 

2 

0.408 

inc  he  s 

3 

0.490 

inc  ho  s 

4 

0.575 

inches 

5 

0.655 

inc  he  s 

6 

0.735 

inches 

TABLE  XVII 

SUMMARY  (               -  :         I  IE  i 

Mo6       Su      '■  Stress  Concent    ton 

Ver '         i   .   ■ ' .     j    '    

1338  C  (]  s3  )  4.45 

1170  c.  3.23 

1115  0  2.48 

1064  C  2.17 

818  C  2.00 

TABLE  XVIII 

SUMMARY  OF  STRESS  LEVELS  FOR  SMALL  ELLIPTICAL  REINFORCED  MOT) 

Model     Supe     Ltion  of  Stresses  Stress  Concentration 

Number  Vertic     is   Horizontal "Axis  Factor 


3 

305  C 

(ps5  ) 

6 

362  C 

9 

451  c 

12 

490  C 

15 

409  C 

4 

268  C 

(ps 

ii) 

1321  C 

(psi) 

4.94 

7 

278  C 

1045  C 

3.75 

10 

285  C. 

963  C 

3.38 

13 

16 

271  C 

242  C 

845  C 
715  c 

3.12 
2.96 

TABLE  XIX 

SUMMARY  OF  STRESS  LEVELS  FOR  LARGE  ELLIPTICAL  REINFORCED  MODELS 

Model     Superposition  of  Stresses     Stress  Concentration 
Number   Vertical  Axis   Horizontal  Axis       Factor 


5 

234  C  (psi) 

8. 

278  C 

11 

285  C 

14 

282  C 

17 

253  c 

1338  C  (psi)  5.71 

1158  c  4.15 

1021  C  3.58 

885  C  3.15 

800  C  3.19 
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TABLE  XX 

_OF_S'  i     '  I^AULM   !' 

Mo&<  3                            isltion  Stres      Gonce] 

Number*     Ve                       .;.s  :  ' Factor 

1  780  C    (psi)  2898  C    (psi)  3.72 

2  725  C  1725  C  2.38 

3  305  C  1338  C  4.45 

4  268  C  1321  C  4.94 

5  234  C  1338  C  5.71 

6  362  G  1170  G  3-23 

7  278  C  1045  C  3.75 

8  278  C  1158  0  4.15 

9  451  G  1115  C  2.48 

10  285   G  963   G  3.38 

11  285   G  1021   G  3»58 

12  490   G  1064   C  2.17 

13  271  G  845  C  "3-12 

14  282  C  885  C  3.15 

15  409   C  818  C  2.00 

16  242  C  715  C  2.96 

17  251   G  800  C  3.19 

Equation    (20)    was  used  to   determine  these  values. 

(T  =■   ±  til  (20) 
ut           h 


where : 


(JT    -  Tangential   Stress    on  the    Free   Boundary 
f  -    Fringe   Constant    (54.6   lbs/in/order) 

•    h  -   Thickness   of  model   from  Table   XVI 
n  -   Order   of   Interference    from  Tables  XII   to  XV, 
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3*    Comparison  of  ]  ho      5 la  at 

• 

Upon   comp!       ion   of  the   use   of  the   models,    a   cut   w 
taken  on  the    small  elliptically   re  in  fore     "  1   hole    so   as 

to  true    up  the    edges.      A   strain  gage   was   then   i    >unted  on 
one    side   of  the   horizontal  axis  and  the   model   loaded  to 
700  po und s    in   1 :i  ne   w it h  t he    frame s . 

The  photograph  in  Figure  XXIII    shows  the    fringe  pattern 
with  the   strain  gage   mounted  and  the   model   under  compression. 
T  he    st  r  a  in  ga ge    ha  d  t  he    f  o  llo\ /  ing  c  ha  f  act  er  is  t  ic  s : 
Gage  Type:-       EA   -    13  -    250BB  -    120 
Resistance;      120*  0,2  ohms 
Gage   Factor:    2.095  -  0*5% 
Lot  Number:      A14AF46 

In  a   quarter   bridge   circuit    using  an  identical  gage 
as  the   external  dummy,    the   strain  was   2670>tfc  when  the   fringe 
order  was   16  on  the    free    boundary. 

By   equation    (20):    (T  =    g£  =    Lk^lL^JJ  «  1190  psi 

^        11  0.73  b 

From  the    Strain   Gage:     (j",  -    £  E    =  26?0   x    IC"6  x  450,000 

t 

=  1202  psi 

This    shov:s   an  agreement    of  about    1%  in  the  two   techniques 
of  experimental   stress   analysis.      This   result    is  much  closer 
than  anticipated. 
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D.    ORIG-]  DATA 


Fringe   )  ;     '     pn  Photogr. 

The   fringe   orders   have   been  est  imp  ted  to   the   nearc  .  I 
one   quarter   order   on  the    four  cardinal  axes.    To   aid   in  the 
accuracy  the   negative    for  each  model   from  the   Polaroid 
Type   55  P/N    (Positive/Negative)   Film  was   projected   such  that 
it   was   enlarged  at    least  ten  times.      This   magnification 
effect   was   necessary    in   order  to   determine   the    3  lall  changes 
caused   by  each  additional  thickness   of  reinforcement  materia! 
The   pictures    became    progressively    more    difficult    to   analyze 
as    successive    layers   of  reinforcement   were   cemented  to   eaclr 
of  the  three   basic    geometrical  foundation  pieces. 

A   reference    fringe   order  was   determined   for  each  model 
as    it  was   being   loaded  and   so  noted  for  evaluation  of  the 
negatives. 
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FIGURE  XVII 


FRINGE  PATTERNS  FOR  CALIBRATION  DISKS  AND  MODEL  1  AND  2 


SMALL  CALIBRATION  DISK 


LARGE  CALIBRATION  DISK 


MODEL  la 


MODEL  lb 


MODEL  2a 


MODEL  2b 
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FIGURE  XVIII 


FRINGE  PATTERNS  FOR  TWO  REINFORCEMENT  THICKNESSES 


MODEL  3a 


MODEL  3b 


MODEL  4a 


MODEL  4b 


MODEL  5a 


MODEL  5b 


88- 


FIGURE  XIX 


FRINGE  PATTERNS  FOR  THREE  REINFORCEMENT  THICKNESSES 


MODEL  6a 


MODEL  6b 


MODEL  7a 


MODEL  7b 


MODEL  8a 


MODEL  8b 
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FIGURE  XX 


FRINGE  PATTERNS  FOR  FOUR  REINFORCEMENT  THICKNESSES 


MODEL  9a 


MODEL  9b 


MODEL  10a 


MODEL  10b 


MODEL  11a 


MODEL  lib 
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FIGURE  XXI 


FRINGE  PATTERNS  FOR  FIVE  REINFORCEMENT  THICKNESSES 


MODEL  12a 


MODEL  12b 


MODEL  13a 


MODEL  13b 


MODEL  14a 


MODEL  14b 
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FIGURE  XXII 


FRINGE  PATTERNS  FOR  SIX  REINFORCEMENT  THICKNESSES 


MODEL  15a 


MODEL  15b 


MODEL  16a 


MODEL  16b 


MODEL  17a 


MODEL  17b 
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FIGURE  XXIII 


FRINGE  PATTERN   AND   STRAIN    GAGE 
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